Sympathetic cooling in an optically trapped mixture of alkali and spin-singlet atoms 
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We report on the realization of a stable mixture of ultracold lithium and ytterbium atoms confined 
in a far-off-resonance optical dipole trap. We observe sympathetic cooling of 6 Li by 174 Yb and 
extract the s-wave scattering length magnitude |ffl6 Li _i74 Y b| = (13 ± 3)ao from the rate of inter- 
species thermalization. Using forced evaporative cooling of 174 Yb , we achieve reduction of the 6 Li 
temperature to below the Fermi temperature, purely through inter-species sympathetic cooling. 



Ultracold mixtures composed of different atomic 
species [H-Q offer unique opportunities for probing few- 
and many-body physics. These include studies of Efimov 
states with mass- mismatched collision partners 0, H[ , im- 
purity probes of superfluid properties @, and mass 
imbalanced regimes of interactions and pairing in Fermi 
gases [l(3-[l2j|. Further, the components of the mixture 
can be linked through field-induced scattering resonances 
to produce heteronuclear molecules fbj - fil| , which are ex- 
pected to be valuable tools for the study of dipolar quan- 
tum matter, quantum information science, and tests of 
fundamental physics [loT ]. An essential requirement for 
all of these ultracold mixture studies is an understanding 
of the ground state scattering properties. Favorable colli- 
sional properties are needed for mixture production and 
stability, while knowledge of the underlying potentials 
allow identification of regimes of tunable interactions. 

In this paper, we report on successful simultaneous op- 
tical trapping and measurements of scattering properties 
for a mixture of alkali 6 Li and spin-singlet 174 Yb . We 
observe collisional stability in this mixture and determine 
the magnitude of the previously unknown 6 Li - 174 Yb s- 
wave scattering length from the timescale of inter-species 
thermalization @, Furthermore, we sympatheti- 

cally cool 6 Li to below its Fermi temperature by forced 
evaporative cooling of 174 Yb . Unlike the case for bi-alkali 
mixtures 0, H[ , our method of sympathetic cooling an al- 
kali by a spin-singlet atom has the advantage of being 
immune to inelastic spin changing collisions. 

While studies of ultracold molecule formation from 
two-species mixtures are dominated by alkali+alkali 
combinations, molecules created from alkali+spin-singlet 
mixtures offer the additional advantage of possessing an 
unpaired electron spin to form a paramagnetic ground 
state. This is a feature of considerable interest for several 
proposed applications including quantum simulations of 
lattice spin models [ijj], topological quantum comput- 
ing, and sensitive measurements of the electron electric 
dipole moment (l9j . Prior to this work a dual-species Li- 
Yb magneto-optical trap (MOT) was demonstrated [2(| , 
but with densities too low to observe inter-species ef- 
fects. First results for alkali+spin-singlet mixtures have 
been reported for the Rb+Yb combination. These in- 
clude photoassociation in a dual-species MOT [2l|, and 
observations of sympathetic cooling [22j and spatial sep- 
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FIG. 1: (color online). Simultaneous optical trapping of 6 bi 
and 174 Yb . (a) shows the typical experimental sequence 
where the laser cooling and ODT loading are performed se- 
quentially for the two species. In addition to the standard 
procedures for single species operation, the magnetic field 
gradients and the initial optical trap depths are adjusted for 
each species to optimize number and temperature. After both 
species are in the ODT, either (i) the power is held constant to 
study inter-species thermalization, or (ii) the power is ramped 
down to perform forced evaporative cooling. Finally, the opti- 
cal trap is switched off and the remaining atoms detected with 
resonant absorption imaging. As displayed in (b), varying the 
Li MOT loading time TLi allows us to control the initial ratio 
of the two species in the optical trap. The dashed lines are 
exponential fits. The Yb decay time is substantially shorter 
than the background lifetime because of a partial overlap with 
the 6 Li MOT during TLi. (c) Optical trapping potentials for 
Li (red) and Yb (blue) for a given ODT power. The shading 
depicts the distributions at the same temperature. 

aration p3j in a combined optical and magnetic trap. 

In addition to the pursuit of heteronuclear paramag- 
netic LiYb molecules, our system forms a starting point 
for studies of the 6 Li Fermi superfluid [24{ using Yb as 
an impurity probe. Furthermore, tunable inter-species 
interactions may be induced between Li and Yb through 
magnetic [25| or optical J2(| Feshbach resonances. To- 
gether with the straightforward availability of fcrmionic 
Yb isotopes, this will allow future explorations of few- 
body collision physics in the highly mass-mismatched 
regime 0, H[ and fermionic interactions and pairing in 
mass imbalanced mixtures [111 1 121 . 
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Our dual-species experimental setup consists of 174 Yb 
and 6 Li MOTs which are loaded from separate atomic 
beams, each emerging from a single-species oven and 
slowed by a single-species Zeeman slower. All laser cool- 
ing and absorption imaging of 6 Li is performed on the 
2 S*i/2 — > 2 Pz/2 line (wavelength A = 671 nm, linewidth 
r/27r = 6 MHz). For 174 Yb , we use the 1 S -+ 1 P 1 line 
(A = 399 nm, V /2tt = 29 MHz) for Zeeman slowing and 
absorption imaging, and the 1 Sq — > 3 Pi line (A = 556 nm, 
T/2tt = 182 kHz) for the MOT. The optical dipole trap 
(ODT) is derived from the linearly polarized output of 
a 1064nm fiber laser (IPG Photonics YLR-100-1064-LP) 
and is operated either in single or crossed beam geom- 
etry The trap depth is controlled by an acousto-optic 
modulator. 

To mitigate the strong inelastic losses in simultaneous 
two-species MOTs and to allow for different optimum 
MOT magnetic field gradients 27 1, we employ a sequen- 
tial cooling and trapping strategy (see Fig. [lja)) in which 
first Yb and then Li is laser cooled and transferred to 
the ODT. The laser cooling sequence for each species 
consists of a loading phase with large intensities and de- 
tunings of the cooling beams, and a compression phase 
where these intensities and detunings are reduced and the 
MOT gradient increased. The compressed Yb MOT con- 
tains >2x 10 6 atoms at a temperature of < 30 /iK. The 
compressed Li MOT contains > 10 8 atoms at < 400/iK, 
and is optically pumped into the lower F = 1/2 hyperfine 
state. Each species is transferred to the ODT by using 
magnetic bias fields to overlap the MOT with the ODT 
center and then switching off the laser cooling beams. 
During the Li laser cooling phase, Yb atoms trapped in 
the ODT are insensitive to the magnetic field manipula- 
tions used for the Li MOT. After all cooling beams are 
switched off, the ODT contains a mixture of Yb and Li 
atoms (see Fig. QJb)). While all the 174 Yb atoms are in 
the single 1 So ground state, the 6 Li atoms are distributed 
equally between the two F = 1/2 Zeeman ground states. 

For our ODT wavelength, the relative trap depths and 
frequencies for the two species are Uu/UYb — 2.2 and 

WLi/wyb = 



(lW"Li) _ 

[Uvb/rnvh) 



The relative linear size in 



the harmonic regime is xu/xvb = y {T^b/utl) = ^ or 
equal temperatures (see Fig. Q^c)). The parameters are 
thus well suited for sympathetic cooling of lithium by 
ytterbium. 

To monitor atom number and temperature, we quickly 
switch off the trap and perform resonant absorption 
imaging of both species for each experimental iteration. 
Each species is imaged onto a different part of the same 
CCD camera with independently adjustable ballistic ex- 
pansion times. The trapping potential is characterized 
through measurements of trap frequencies by exciting 
dipole and breathing oscillations, as well as by paramet- 
ric heating. The ODT is kept on all the time except 
during imaging. 

We first describe our thermalization measurements, 
which allow us to determine the magnitude of the inter- 
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FIG. 2: (color online). Sympathetic cooling of 6 Li (red filled 
circles) by thermalization with a cold 174 Yb bath (blue open 
squares). The temperatures equilibrate with an exponential 
time constant of (1.7±0.2) s (black dashed line). The red solid 
line is the result of a numerical model (see text). The inset 
shows the numbers of the two species are almost an order of 
magnitude apart and do not change appreciably during the 2 
second thermalization time scale. 

species s-wave scattering length. For these measure- 
ments, we use a single beam ODT with 1/e 2 intensity- 
radius (waist) of 30 /jm. Yb is transferred from the MOT 
into an ODT of calculated depth Uyb = 220 /iK, af- 
ter which the depth is increased adiabatically in 0.2 s to 
Uyb = 500 while the Li MOT is loaded (see Fig{TJ. 
After ~ 0.5 s MOT loading, Li is transferred into the 
ODT (Uu = l.lmK). We make our thermalization mea- 
surements at this point, where the measured trapping fre- 
quencies for Yb are 2ir x 1600 Hz radially and 2-7T x 13 Hz 
axially. The initial number, temperature, and peak den- 
sity of Yb (Li) atoms arc Y Yb(Li) = 1.1 x 10 6 (1.4 x 10 5 ), 



T- 



Yb(Li 



35(110) yuK and n ,Yb(Li) = 1-1 x 10 13 (8.4 



10 n )cm 3 . All the thermalization measurements are 
performed at near-zero magnetic field. 

We observe the number and temperature evolution of 
the two atomic species either in separate single-species 
experiments, or together when in thermal contact with 
each other. The measured background single-species 1/e 
lifetimes are > 30 seconds for both Li and Yb. The Yb 
temperature evolution is independent of the presence or 
absence of Li, equilibrating quickly and staying at 35/iK 
throughout the measurement. When Yb is not loaded, 
the two-spin state Li mixture behaves like an ideal gas in 
the optical trap and remains at its initial temperature of 
~ 100/iK without observable changes. This is due to a 
lack of intrastate collisions from Pauli blocking and a lack 
of interstate collisions from the negligible zero-field scat- 
tering cross-section [28|]. When both species are loaded, 
the hotter Li cloud equilibrates to the temperature of the 
Yb cloud (see Fig. [2]). We also observe no change in the 
Li lifetime from contact with Yb, indicative of negligible 
inelastic interactions between the two species at these 
experimental parameters. In similar studies at various 
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loading parameters, we observe additional losses in the 
Yb number only. We interpret this to be a result of a 
"sympathetic evaporation" effect [13] where during the 
thermalization process, Li which is confined by a deeper 
trap, transfers energy through elastic collisions to Yb and 
subsequently ejects it from its shallower confinement (see 
Fig. HJc)). Indeed for larger fractional presence of Li, this 
effect becomes more pronounced and leads to a substan- 
tially reduced lifetime for the Yb cloud. 

We analyze the thermalization measurements shown 
in Fig|2] by assuming that the elastic interactions are 
purely s-wave in nature. We are justified in this as- 
sumption because our measured temperatures (< 110/iK) 
are much smaller than the p— wave threshold given by 



h 2 i{i+i) - 



IN3/2 
6^ > 

and using the 



2.5mK, where (i is the reduced mass 
coefficient for LiYb calculated 



Cq coerncient tor Li Y d calculated m 
The thermalization rate 7th which characterizes 
the instantaneous variation of the temperature difference 
AT = Tli — Tyb, can then be connected to the s-wave 
scattering cross-section CLiYb through the relation: 



1 d(AT) 
AT dt 



i 



7th = -n<T Li YbV 
a 



(1) 



Here a = 2.7 is the average number of collisions 
needed for thermalization for equal mass partners, £ = 
4m Li"Yb _ 0.13 is the correction factor for non-equal 



mass collisions LV7l, v = + is the mean 

1 " ' y 7r v mLi myb ' 

relative velocity, n = (-^- + j^—) J nunybd 3 r is the 
overlap density, and n, N, and T are the density, num- 
ber, and temperature of the two species. Since v and 
n change with the Li temperature, we use a numeri- 
cal procedure to model the thermalization process. For 
a particular value of s-wave scattering length a, we it- 
erate EqnfT] with a short time step. We also include 
an energy dependence [10] to the s-wave cross-section 

(TLiYb = (i-(i/2)fc?r° a ) a +fc :i a a ' wnere ^ k is tne relative mo- 
mentum and r e is the effective range evaluated from Cq 
and a. By varying a, we obtain a best fit (see Figj2]) and 
infer |a6 Li _i74Yb| = (13 ± 3)oq. The main limitation to 
our accuracy is the determination of absolute densities. 
This inaccuracy dominates over variations in CTLiYb from 
the energy dependent terms. 

Since 174 Yb is spinless, we expect that a6 Li _i74 Y b is 
the same for all hypcrfine ground states of 6 Li . By us- 
ing state selective imaging at magnetic fields near 500 G, 
we have verified that the two participating 6 Li F = 1/2 
Zeeman states maintain equal population and tempera- 
ture at an intermediate point during sympathetic cool- 
ing. We would also naively expect that the elastic scat- 
tering properties do not change with external magnetic 
field. However a recent theoretical study predicts the ex- 
istence of magnetically tunable Feshbach resonances in 
alkali+spin-singlet collisions (25| . 

Since several potential applications of the LiYb mix- 
ture are at conditions near or below quantum degener- 
acy, we also assess methods of increasing the phase space 
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FIG. 3: (color online). Sympathetic cooling of lithium by 
forced evaporative cooling of ytterbium, (a) Number and (b) 
temperature evolution for 6 Li (filled circles) and 174 Yb (open 
squares) as the power in the crossed optical dipole trap is 
reduced by a factor of 28 over 12 seconds, corresponding to 
an approximately exponential ramp with a time constant of 
2.9s. 

density in the mixture. In single-species 6 Li experiments 
in our apparatus, up to Nu = 2 x 10 6 can be loaded 
into a high power crossed beam ODT. With subsequent 
forced evaporation at B ~ 330 G, where the interstate 
scattering length is — 280 ao, we are able to enter the 
Fermi degenerate regime (T^/Tp < 0.6) with total num- 
ber A^Li = 1.5 x 10 5 . Applying this approach to the Li-Yb 
mixture however leads to reduced initial N\b (see Fig. 1 
(b)) and shorter Yb lifetime from the sympathetic evap- 
oration effect. We therefore restrict ourselves to keeping 
the initial ratio A^b/A^i large. 

We now describe our measurements of sympathetic 
cooling of 6 Li in contact with 174 Yb which is undergoing 
forced evaporative cooling through a continuous lowering 
of the trap depth. In order to boost the collision rate, the 
single beam ODT for the thermalization measurement is 
modified to a crossed beam geometry by adding a sec- 
ond laser beam which intersects the first at a shallow 
angle of about 10°, and has the same power, orthogonal 
polarization, and a larger waist of 50/im. After loading 
the atoms, we reduce the power in the optical trap fol- 
lowing an approximately exponential shape. Figj3] shows 
the number and temperature evolution during such an 
evaporation ramp at near-zero magnetic field. 

We observe that Yb decays quickly with an expo- 
nential time constant of 4.3 s, while the longer decay 
constant of 24 s for Li is comparable with the vacuum 
limited lifetime. This implies that Yb loss is primar- 
ily from trap depth reduction while Li loss is primar- 
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ily from background processes, as desired for efficient 
sympathetic cooling. During the cooling process, the Li 
phase space density increases by about three orders of 
magnitude as the gas is brought below the Fermi tem- 
perature, to T Li = 1.2 /iK with T Li /T F ~ 0.7. At this 
point Tyb = 650 nK, a factor of four above the critical 
temperature for Bose condensation. We are prevented 
from further sympathetic cooling by the rapidly increas- 
ing inter-species thermalization time from the lowered 
densities and lowered overlap from unequal gravitational 
sag. We are currently improving our cooling scheme by 
implementing more tightly focused ODT beams. Sub- 
stantial improvements are also expected from the intro- 
duction of a magnetic field gradient to allow manipula- 
tion of the Li trap depth and position, without affecting 
Yb. 

Our results establish a stable ultracold alkali -(-spin sin- 
glet mixture and also constitute the first instance of sym- 
pathetic cooling of a second atomic species by a spin- 
singlet atom. Future work includes studies of molecu- 



lar levels by one- and two-photon photoassociation spec- 
troscopies and searches for magnetically and optically 
induced Feshbach resonances [25|, [26|], important steps 
towards production of paramagnetic polar molecules of 
LiYb. Improving our sympathetic cooling arrangement 
with magnetic gradients and tighter beams will allow us 
to reach double quantum degeneracy with various combi- 
nations of Li and Yb isotopes, including Fermi-Fermi de- 
generate mixtures with high mass imbalance. Yb atoms 
inside a degenerate Li cloud can also serve as an impu- 
rity to study superfluidity [3l|, and for thermometry of 
a deeply degenerate Fermi gas . 
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